Barbiturates are widely used as sedatives, hypnotics, and antiepileptics, and, when coupled with their narrow therapeutic index, the probability that their use will result in accidental or intentional death is significant. When barbiturates are implicated in a murder or suicide, analysis for their presence is often required. Under certain conditions, barbiturates are quite stable, but conditions found in vivo immediately after death or after embalming may promote barbiturate decomposition. If extensive decomposition occurs, analysis for them may be difficult or impossible. Here, the stability of three representative barbiturates, under conditions that model those likely to prevail in vivo shortly after death and after embalming, have been studied. Solutions of phenobarbital were found to slowly decompose in water over the pH range of approximately 3.5 to 9.5. More rapid decomposition occurred at higher pH, and 2.phenylbutyric acid was the main decomposition product. Formaldehyde (5-20%) accelerated the decomposition rate 3-10.fold such that phenobarbital decomposition could be complete after 30 days. In contrast, pentobarbital decomposed roughly 10 times more slowly and secobarbital did not detectably decompose under any of the conditions studied. Thus, certain barbiturates may partially or completely decompose in vivo after death, especially after embalming, and thus analysis for them may lead to false negatives. However, this work shows that analysis for the parent barbiturate or its predicted decomposition product may provide data that will reduce the likelihood of false negatives.
Introduction
Several studies have been conducted to examine the reaction of pharmaceuticals with the common embalming agent formaldehyde or formalin. The practice of embalming cadavers is common yet it may also create problems for the forensic scientist if a drug has been used, purposefully or unintentionally, to cause death. For example, tricyclic amines have been found to readily react with formaldehyde under conditions similar to those encountered in embalmed tissues. A case in point is nortriptyline which is converted to amitriptyline in the presence of formaldehyde by the Eschweiler-Clarke reaction and conversion rates (nortriptyline to amitriptyline) can be as high as 65% in 24 h. Our studies with fenfluramine further bear this out (1) . Finally, other classes of drugs have been shown to react with formaldehyde at concentrations similar to those used in embalming fluids (5-20%) including barbiturates (2) and benzodiazepines (3) .
The wide spread use of barbiturates as sedatives, hypnotics, and antiepileptic agents, combined with their relatively narrow therapeutic index, gives rise to a great potential for their accidental or intentional misuse (4) . In cases where barbiturates are implicated in a death, it may be necessary for the forensic scientist to analyze samples for the presence of barbiturates. Two general sets of conditions are likely to prevail for such samples: (1) the samples are from blood and tissue prior to embalming or (2) subsequent to embalming. Each set of conditions can significantly reduce the barbiturate concentration and make barbiturate analysis more difficult.
Under either set of conditions, barbiturates are susceptible to hydrolytic decomposition (5, 6) . The rate of hydrolysis is dependent upon pH and typically the rate increases with pH, leading to the products shown in Scheme I (Figure 1 , compounds 3-7) and thereby decreasing the concentration of the barbiturate (Scheme I, 1) (5-7). Finally, other processes may also decrease barbiturate concentrations including metabolic processes, which may continue for 8-12 h postmortem, and diffusion of the barbiturates into various tissues may occur (8) .
Embalming further increases the difficulty of analyzing for barbiturates (2, 9, 10) . Of course, replacing the blood with embalming fluid will decrease the concentration of barbiturates in the body; however, a second problem, which has been largely unexplored, is the potential for reactions between the barbiturates and the embalming fluid, primarily formaldehyde (formalin). As noted, the reaction of formaldehyde and tricyclic amines has been studied and these studies have demonstrated that reactions of drugs with formaldehyde can be significant (2, 3, (11) (12) (13) (14) . Thus, reactions of other pharmaceutical agents with formaldehyde should be considered.
The reaction of tricyclic amines with formaldehyde is predicted to occur based on the Eschweiler-Clarke (15) reaction. Like this situation, reactions between formaldehyde and barbiturates are also predicted. For example, substrates analogous to barbiturates have been shown to react with formaldehyde to give methyol amides and amidals as shown in Scheme II (Figure 2) (16) . As part of a larger project designed to determine the stability, reactions, and products of a variety of drugs with formaldehyde under conditions analogous to embalmed tissue, the reactions of three common barbiturates with formaldehyde have been studied. The barbiturates selected for this study were phenobarbital, pentobarbital, and secobarbital. Contrary to expectation, the formation of methylol amides or amidals, as shown in Scheme II (17), was not observed. Instead, formalde-
hyde was found to catalyze the decomposition of phenobarbital, and the results are presented here. 
Synthesis

2-Pentyl diethylmalonate (9b).
To a solution of sodium ethoxide, prepared from ethanol (240 mL) and sodium metal (9.08 g, 0.40 tool) in a three-necked 1000-mL roundbottom flask fitted with a reflux condenser and an addition funnel, under nitrogen was added, dropwise, diethyl malonate (60.84 g, 0.380 tool) over 1 h. The reaction was then heated at reflux for 30 rain and 2-bromopentane (63.08 g, 0.418 tool) was then added, dropwise, over a 2.5-h period. The reaction was then heated at reflux for 36 h. After cooling to room temperature the reaction mixture was concentrated on a rotary evaporator to remove the ethanol, water (140 mL) was then added and then extracted with CHzC12 (4 x 150 mL). The combined CH2CI2 extracts were then dried (Na2SO4), filtered, and concentrated in vacuo.
The product was then distilled under reduced pressure (1.5 mm Hg, bp 92-94~ to yield 4.43 g (5.1%) of 2-pentyl dietbylmalonate.
3-Methylhexanoic acid (10b).
In a 200-mL round bottom flask, fitted with a stir bar, reflux condenser, and an addition funnel was placed KOH (32.8 g, 0.59 mol) and water (32.8 mL), under nitrogen. To this solution was added 2-pentyl diethyl malonate (39.15 g, 0.17 tool) over 15 min. The reaction was then heated at reflux with stirring for 24 h and cooled to room temperature. The reaction mixture was then diluted with water (32 mL) and the reflux condenser was replaced with a short path distillation head. The material boiling between ambient and 98~ was collected and discarded. The pot residue was then cooled to room temperature, the short path distillation head replaced with a reflux condenser, and 30% aqueous sulfuric acid (81 mL) was slowly added to the reaction flask after which it was heated at reflux for 24 h. After cooling to room temperature, the reaction mixture was poured into a separatory funnel and the layers separated. The organic layer was then washed with water (4 mL), dried (Na2SO4) , and filtered to yield 19.81 g (89.5%) of the acid.
2-Ethyl-3-methylhexanoic acid (7b):
To a solution of diisopropylamine (4.5 mL, 3.25 g, 32.1 retool) in THF (60 mL) was added tert-butyllithium (21 mL, 15.3M, 32.1 retool) at 0~ and the mixture stirred for 30 rain. 3-Methylhexanoic acid (2.0 g, 15.4 retool) in THF (5 mL) was then added, dropwise, and the mixture stirred at 30-35~ for 30 rain. The mixture was then cooled to 0~ ethyl iodide (1.3 mL, 16.6 retool) added, and the reaction mixture was then stirred at 30-35~ for 3 h. After cooling to room temperature, the reaction mixture was quenched by the addition of water (25 mL), the layers separated, and the aqueous layer extracted with CH2C12 (2 x 25 mL). The aqueous layer was then acidified with 10% HC1 (pH 3) and extracted with CH2C12 (3 x 25 mL). The combined organic extracts were dried (MgSO4), filtered, and concentrated in vacuo to yield 7b. The product was distilled (118-120~ at 25 mm Hg (1.46 g, 60%).
NMR and IR spectral data for 9b, 10b, and 7b are presented in Table I . General barbiturate decomposition procedure: to 37% formalin (1 mL) was added the barbiturate (phenobarbital, pentobarbital, or secobarbital, 2 retool). The resulting mixture was stirred for 24 h at room temperature and then acidified to a pH~2 with HC1 (10%). The reaction mixture was then extracted with hexane (4 x 10 mL), the combined extracts dried over Na2SO4, concentrated in vacuo and placed in a vacuum desiccator for 24 h.
HPLC analysis of barbiturate reactions with formaldehyde
Stock solutions (2 mg/mL) of phenobarbital, pentobarbital, and secobarbital were made by dissolving each compound in methanol with vortex mixing. Reactions were initiated by individually adding 10 pL of each stock solution to 990 pL of the appropriate reaction mixture to obtain a final concentration of 20 pg/mL The reaction mixtures consisted of 5%, 10%, or 20% formaldehyde in water (no pH adjustment, 10mM phosphate buffer for pH 7 or 9.5), and each reaction condition was run in triplicate. Immediately upon initiation of the reaction and at days 1, 7, and 30 the samples were analyzed by HPLC for the disappearance of phenobarbital, pentobarbital, or secobarbital. Additionally, control reactions were also run in triplicate in which either phenobarbital, pentobarbital, or secobarbital were added to either water, 10ram K2HPO4 (pH 7) or 10mM K2HPO4 (pH 9.5) in the absence of formaldehyde to ascertain the disappearance of these compounds at the various pHs. Each compound was chromatographically separated and quantitated using the HPLC system described. A 2-BL aliquot (phenobarbital) or 10 BL (pentobarbital or secobarbital) of each sample was taken at the appropriate time and injected onto the chromatographic system, separated, and quantitated. For the analysis of phenobarbital, the mobile phase consisted of 50mM sodium acetate (pH 6)/methanol (55:45) pumped through a YMC-Pack Pro ClS (5 Bm, 2 • 150 ram) column at a flow rate of 0.2 mL/min. The eluate was monitored by IN detection at a wavelength of 240 nm. Pentobarbital was subjected to the same HPLC conditions except that the mobile phase component ratio was 30:70 and the detection wavelength was 239 nm.
R' Finally, in the case of secobarbital, the ratio of mobile phase components was 25:75 and the detection wavelength was 220 nm. Under the conditions listed, the retention times of phenobarbital, pentobarbital, and secobarbital were 9.2, 6.8, and 7.1 min, respectively. The retention times for the decomposition products 2-phenylbutyric acid and 2-ethyl-3-methylhexanoic acid were 8.4 and 10.7 min, respectively. Standard curves for 
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Results
Isolation and identification of decomposition products
The reaction mixture that results from a mixture of phenobarbital (la, Figure 3 ) and formaldehyde (37%) at pH 9.5 was acidified and extracted. The only product found in this extract was tentatively identified as 2-phenylbutyric acid on the basis of its infrared, UV, and NMR spectra. Comparison of this material with an authentic sample confirmed its identity as 2-phenylbutyric acid (7a). This product is consistent with the preferred decomposition pathway reported for barbituric acids under basic conditions (5,7) .
The decomposition of pentobarbital lb and secobarbital lc were studied under the same reaction conditions as for la. Some decomposition of lb was observed by HPLC. Attempts were made to isolate decomposition products by extraction but were unsuccessful. Because it was possible that the decomposition products were co-eluting with lb, the decomposition product, 2-ethyl-3-methylhexanoic acid (7b), a predicted decomposition product based on the results from phenobarbital, was prepared. However, the synthesized product did not coelute with lb. Finally, in the case of lc, no decomposition products were observed by HPLC studies, indicating that lc was stable toward the reaction conditions.
Synthesis of standards
The decomposition product of la in the presence of formaldehyde at pH 9.5 was isolated from the reaction mixture as described and was shown to be 7a. This product is the result of 1,6-cleavage followed by hydrolysis to the dicarboxylic acid and then decarboxylation to the monocarboxylic acid (Scheme I). This pathway is general and therefore a general method for the preparation of the predicted decomposition products of barbiturates has been developed. This method is shown in Scheme III ( Figure 4 ) and begins with condensation of diethy] malonate (8) and an alkyl halide. The resulting substituted malonate ester (9) was hydrolyzed, decarboxylated to a substituted acetic acid (10) and was then alkylated by treatment with two equivalents of lithium diisopropyl amide (LDA) (18) (19) (20) followed by the addition of an alkyl halide to yield the final product, a disubstitued acetic acid (7) .
The decomposition product of phenobarbital (la), 2-phenylbutyric acid (7a) is commercially available. Commercially available material was used as an authentic standard in the HPLC studies but was also synthesized to demonstrate the generality of the route. In this case, the starting point for its synthesis was phenyl acetic acid (10a, R = phenyl, Scheme III). Thus, 10a was treated with two equivalents of LDA and then one equivalent of ethyliodide to yield 7a, identical with the commercially obtained material.
The route shown in Scheme III was followed for the preparation of the expected decomposition product of pentobarbital, assuming the same decomposition pathway and products as derived from phenobarbital. The reaction of 2-bromopentane with 8 proceeded smoothly to 2-pentyl diethyl malonate (9b). This compound was hydrolyzed with sodium hydroxide and then decarboxylated by acidifying and heating at reflux. The resulting substituted acetic acid 10b was treated as for 10a to give 7b. This alkylation procedure resulted in the formation of a diastereomeric mixture (erythro and threo-7b) and no attempt was made to separate the diastereomers. The HPLC data of this material showed it to be different from the decomposition product isolated from pentobarbital since the retention time of 7b was 10.7 min and for lb 6.8 rain.
Secobarbital did not decompose under any of the conditions used in this study. Therefore, the decomposition products 2-propenyl-2-pentylmalonic acid (6c) or 2-(2-propenyl)-3-methylhexanoic acid (7c), were not prepared. However, their synthesis should be possible by following the synthetic scheme shown in Scheme III.
HPtC-monitored decomposition reactions
Phenobarbital (la) decomposed over the course of the 30-day study and the results are presented in Figures 5A-C . It is of note that la did not appreciably decompose in any concentration of formaldehyde when the pH was not adjusted ( Figure 5A ). However, at pH 7 some phenobarbital decomposition was noted as shown in Figure 5B , with approximately 25% decomposition occurring with formaldehyde concentrations in the range of 10 and 20%. Formation of 2-phenylbutyric acid (7a) was noted at the 10 and 20% formaldehyde concentrations in the pH 7 samples but at less than 2% of initial phenobarbital concentration and only in the 30-day samples (data not shown). The most pronounced decomposition of la occurred in the samples adjusted to pH 9.5 with substantial decomposition noted as early as one day after initiation of the reaction ( Figure 5C ). Furthermore, by day 30, approximately 50% of the concentration of the initial solution could be recovered as 7a in those samples at pH 9.5 ( Figure 5C ). It is of note that in all cases where la decomposition was observed, there appeared to be a modest dependence on formaldehyde concentration with respect to the degree of decomposition. Finally, control reactions (those not containing formaldehyde) were run for all pH conditions and phenobarbital decomposition was less than 16% regardless of pH (unadjusted, pH 7, or pH 9.5) (data not shown).
Pentobarbital (lb) was also studied for its propensity to decompose in the presence of formaldehyde ( Figure 6A-C) . There did not appear to be any appreciable decomposition (< 13%) of lb at either unadjusted pH ( Figure 6A ) or pH 7 ( Figure 6B ) regardless of the formaldehyde concentration at any time point. However, approximately 30% decomposition of lb was observed in the reactions adjusted to pH 9.5 regardless of the formaldehyde concentration ( Figure 6C ). Similar to those results observed with la, lb appeared to be stable in control solutions free of formaldehyde regardless of pH, with decomposition being less than 10% in all control reactions (data not shown).
Secobarbital (lc) was studied in a manner analogous to the previous two compounds and appeared to be remarkably stable regardless of pH or formaldehyde concentration (data not shown). In all cases, formaldehyde-containing or control solutions, the recovery of lc was greater than 97% at all time points studied.
Discussion
The decomposition of barbiturates has been studied by others in detail though not under the reaction conditions used here.
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the temperature range 60-80~ The observed pseudo first-order rate constants, determined under these conditions, lead to a rank order for the 12 barbiturates studied and, for 1a-c, this order is la > lb > lc. This rank order is in agreement with our results for the decomposition of these compounds in the absence or presence of formaldehyde at room temperature. Kinetic studies have clearly shown a pH dependence of the barbiturate decomposition reaction rate. Product studies show that the product distribution is also pH dependent. These and related studies have lead to a general mechanistic scheme for barbiturate decomposition as shown in Scheme I. This Scheme suggests that whether the 1,6-cleavage pathway (or the equivalent 3,4-cleavage pathway, pathway a) or 1,2-cleavage (or the equivalent 2,3-cleavage, pathway b) occurs depends on whether the barbiturate is deprotonated. The formation of the monoanion of the barbiturate directs hydrolysis away from the anionic nitrogen thus leading to 1,6(3,4)-cleavage. In contrast, the neutral barbiturate can be hydrolyzed by either pathway.
An alternative hypothesis for the pH dependence of barbiturate decomposition has been proposed (21) . The mechanism is essentially that proposed in Scheme I, except that 1,6-cleavage is reversible. At low pH, hydrolysis can produce 2 or 4 and compound 4 can cyclize to 1 and then undergo 2,3-cleavage to 2. As the pH increases, the 1,6-cleavage product 4 will be deprotonated to a greater extent and therefore is less likely to recyclize back to I and more likely to decompose to intermediates 5 or 6 and ultimately 7.
Our studies found that barbiturate decomposition is catalyzed by the presence of formaldehyde. It is not readily apparent from either of these two mechanistic schemes, what role formaldehyde may be playing to increase the rate of decomposition of 1. One possibility is that formaldehyde is simply acting as a general base catalyst. Since the effect of formaldehyde increases with pH, the general base catalyst would have to be the deprotonated form of formalin. However, this seems unlikely given the pH range studied here though remarkable increases in rate because of the presence of a general base catalyst have been observed. A second possible role that formaldehyde may be playing is to react with the 1,6-cleavage product and inhibit the re-cyclization of 4 back to 1. In this regard, formaldehyde could react with 6 to form several products. These products are shown in Scheme IV (Figure 7 ) and include the methylol amide 11, the imine 12, and methylated products 13 and 14. The former two products are formed simply by condensation with formalin. The Eschweiler-Clark reaction of 4, occurring via 11 and 12, could be responsible for the formation of 13 and 14, respectively (15) . The formation of compounds 11 and 12 would likely inhibit cyclization of 4 back to I while the formation of 14 would completely block cyclization and, at the same time, not prevent the formation of the observed decomposition product, 7. Additional work is needed to determine how formaldehyde is specifically catalyzing the conversion of I into 7.
Shortly after death, the body begins a gradual process of decay and breakdown. Initially, the pH of the body becomes acidic but after approximately 24 h, proteins begin to break down liberating amines which then cause the body pH to become basic (21) . Our results showing decomposition of phenobarbital occurring as early as 24 h (1 day) after contact with formaldehyde at pH 9.5 suggests the elapsed time prior to embalming may have a substantial effect on the decomposition of phenobarbital. If the body is comprised of a basic milieu prior to embalming and this is sufficient to keep the pH elevated then one could expect that decomposition of phenobarbital could be accelerated by the presence of formaldehyde. Furthermore, after seven days contact with formaldehyde at pH 9.5 a substantial portion of the phenobarbital has decomposed, and at 30 days virtually all the phenobarbital is gone, irrespective of the formaldehyde concentration. It is of note that detectable levels of 2-phenylbutyric acid can be observed beginning at seven days under these conditions. Thus, because of the greater stability of 2-phenylbutyric acid relative to phenobarbital, the former may serve as an alternate analyte for forensic researchers. In fact, levels of 2-phenylbutyric acid equal to 50% of the initial phenobarbital concentration can be detected after 30 days. However, our findings also suggest that additional decomposition products of phenobarbital may be produced upon exposure to formaldehyde under basic conditions. Preliminary work in our laboratory has suggested that as many as six decomposition products of phenobarbital may be formed when exposed to formaldehyde at basic pH. However, to date all of these products have not been identified nor have we determined the fraction of the total decomposition products they encompass. It does seem clear that 2-phenylbutyric acid, is a o o major decomposition product and may be rel- atively easy to detect upon forensic analysis because of its inherent stability.
It is interesting to note that pH was the primary determinant of phenobarbital decomposition, with formaldehyde concentration having only a modest effect. Other compounds (1) have shown a greater dependency on formaldehyde concentration (11) , in addition to a pH dependency, with respect to their de-composition. That formaldehyde solutions adjusted to pH 7 also resulted in phenobarbital decomposition, albeit to a lesser extent than observed at pH 9.5, shows that this reaction can occur even at neutral pH. Using tissues stored in either 5% or 8% formalin-water solutions obtained upon autopsy from individuals who had taken phenobarbital, Winek et al. (2) found that concentrations of phenobarbital decreased by approximately 65% in the tissues and 30% in the leachate. Though pH was not reported in these studies, these authors state that buffered formalin solutions were used. Thus, it is difficult to make direct comparisons to our results. In another study of barbiturate stability but only in buffered (pH 6-7) solutions (not containing formaldehyde), Levine et al. (9) studied the stability of phenobarbital, pentobarbital, secobarbital, butabarbital, and amobarbital in blood and tissues stored at 4~ and 25~ in the absence of formaldehyde. These authors found that in blood, less than 25% disappearance was noted for any compound over three months, and essentially the same results were noted in tissue samples. In these studies, amobarbital and butabarbital were the least stable and phenobarbital, pentobarbital, and secobarbital the most stable. These results compare favorably with our control samples and, combined with our results, confirm that these compounds are stable at acidic pH even in the presence of formaldehyde.
Finally, it appears that at formaldehyde concentrations and pH ranges expected to be encountered following embalming, neither pentobarbital or secobarbital are susceptible to substantial decomposition in the presence of formaldehyde, even at 30 days of exposure. This fits well with the enhanced reaction data given and previous work (9) on the stability of these compounds.
Conclusions
The observation that phenobarbital readily decomposes under basic conditions may have profound implications in forensic analysis. Should it become necessary to assay for the presence of phenobarbital post-embalming, it would be prudent to also analyze for the presence of 2-phenybutyric acid as an alternative analyte. This is aided by the commercial availability of 2-phenylbutyric acid, eliminating the need for a specialized chemical synthesis to obtain an analytical standard. However, it appears that at least under the conditions studied herein, pentobarbital and secobarbital are stable in the presence of formaldehyde and thus should be detectable as the parent compounds or their known enzymatically produced metabolites which would have been produced prior to the embalming.
